A successful application of adult polymyxin B-immobilized fiber column hemoperfusion to a neonate with septic shock Direct hemoperfusion therapy with a polymyxin B-immobilized fiber column (PMX-HP) has been introduced as a therapeutic option for gram negative bacterial septic shock in adults. However, its use in neonates and children has not yet been established. We successfully performed hemoperfusion therapy using an adult polymyxin B-immobilized fiber column in a neonate with carbapenem resistant Acinetobacter baumannii septic shock. The application was technically feasible because the neonate was on extracorporeal membrane oxygenation (ECMO). Although it did not rescue the patient, there was significant short-lasting improvement in pulmonary oxygenation and hemodynamics, leading to wean the patient from ECMO. PMX-HP could be used as an adjunctive treatment for selected neonatal and pediatric patients with gram negative bacterial septic shock. Acute and Critical Care
University Children's Hospital due to respiratory distress and was diagnosed with right congenital diaphragmatic hernia. The patient underwent a diaphragm repair operation, and was supported by conventional mechanical ventilator.
On the 7th day of life, she suddenly showed hypotension, metabolic and respiratory acidosis with an oxygenation index of 27.4, an increased total leukocyte count of 41,520 cells/μl (segmented neutrophil, 63%) and elevated C-reactive protein level of 13.9 mg/dl. Chest radiograph showed no pneumonic infiltration. Under suspicion of septic shock, intravenous vancomycin and meropenem were initiated as empirical antibiotics, and intravenous immunoglobulin (2 g/kg) and hydrocortisone (1 mg/kg/dose) were also used. Despite the medications and the application of high-frequency oscillation ventilation with inhaled nitric oxide, the patient's oxygenation index rapidly increased to 96, and the pediatric risk of mortality III score was 29 [10] . The inotropic score was 140, which was calculated as followed formula: dopamine dose (μg/kg/min) +dobutamine dose (μg/kg/min)+100 × epinephrine dose (μg/ kg/min) [11] . The patient was transferred to the pediatric intensive care unit for ECMO support.
Through median sternotomy, an 8-F inflow cannula was inserted into the main pulmonary artery and 16-F drainage cannula was placed in the right atrium. Veno-venous ECMO support was applied and maintained at 45%-60% of the flow rate of patient's cardiac index (500 ml/min/m 2 ). Blood culture study reported the growth of Acinetobacter baumannii, which was extensively drug-resistant involving carbapenem. According to the drug sensitivity, intravenous high-dose ampicillin/sulbactam (400 mg ampicillin/kg/day), intravenous colistin (5 mg/kg/day), and oral minocycline (4 mg/kg/day) were administered.
On the 12th day of life, we tried to wean the patient from the ECMO support because pulmonary hypertension on echocardiography and hemodynamics had improved (inotropic score 25), and pulmonary oxygenation was tolerable (Figure 1) . However, the patient was not ready in the weaning trial.
On the 14th day of life, since the PaO2/FiO2 ratio had gradually decreased to 76 and urination was decreased (0.9 ml/kg/hr), inhaled nitric oxide reapplied and continuous renal replacement therapy (CRRT) was also applied to the ECMO circuit. The needs for vasoactive drugs increased (inotropic score 55). The decision to apply PMX-HP was made, and written informed consent was obtained from the patient's parents.
An adult polymyxin B-immobilized fiber column (Toraymyxin 20-R; Toray Medical Co., Tokyo, Japan) was deployed to a different renal replacement therapy machine ( Figure 2A ). The volume of the circuit (108 ml) with the fiber column (135 ± 5 ml) was 247 ml. The circuit was primed with packed red blood cells (RBCs), normal saline, and sodium bicarbonate Figure 1 . Clinical course and serial changes of PaO2/FiO2 ratio and inotropic score. ECMO was applied to a 7-day-old neonate with septic shock. After the application of PMX-HP, PaO2/FiO2 ratio was improved and inotropic score decreased, and the ECMO was discontinued. However, the patient's condition deteriorated and the patient died on the 20th day of life. ECMO: extracorporeal membrane oxygenation; PMX-HP: hemoperfusion therapy with a polymyxin B-immobilized fiber column. with heparin. Using a three-way connector, the access line of the PMX-HP device and CRRT were simultaneously connected to the proximal drainage line of the ECMO circuit, while their return lines were connected to the distal drainage line of the ECMO circuit ( Figure 2B ). At the same time that the PMX-HP circulation began at 50 ml/min of blood flow rate, 50 ml of fresh frozen plasma (FFP) and 50 ml of 5% albumin were rapidly infused through the central line. Upon starting, the ECMO flow dropped and the patient's blood pressure decreased for a few seconds and then recovered. The blood flow rate was slowly increased to 100 ml/min while the patient's tolerability was observed. The session was completed in 12 hours without any other adverse events. From 4 hours after the initiation of PMX-HP, the dose of epinephrine was gradually decreased. At the end of the procedure, epinephrine could be stopped and the inotropic score dropped to 25. The PaO2/FiO2 ratio was increased to 267, and the ECMO was discontinued 30 hours later. Nevertheless, CRAB was consistently detected on the blood culture throughout the patient's pediatric intensive care unit stay, and her condition deteriorated from the 18th day of life. Family counseling was carried out because the bacterial eradication had failed and additional treatment, such as the reapplication of ECMO or a second session of PMX-HP, was deemed meaningless. The patient died of multiorgan dysfunction syndrome 2 days later.
DISCUSSION
We achieved PMX-HP therapy in a neonate using an adult polymyxin B-immobilized fiber column. This cartridge (PMX-20R), which contains 5 mg of polymyxin B per gram of polystyrene fiber, is able to absorb approximately 300,000 endotoxin units in a standard hemoperfusion session [12] . The recommended duration of the hemoperfusion treatment is 2 hours at a flow rate of 80-120 ml/min repeated twice in a 24-hour period. To evaluate the effect of PMX-HP, measurement of serum cytokines such as interleukin-6 would be helpful but not available in our laboratory. Since we could not predict its adsorption capacity in our neonate, a single session was performed for 12 hours unless adverse events occurred.
During the procedure, we were most concerned about immediate hypotension when hemoperfusion was started. Actually, we observed hypotension and decreased ECMO flow because of flow steal from the ECMO circuit, but it could be overcome by simultaneously infused additional blood products, including FFP and 5% albumin at initiation. Furthermore, for this 3.3 kg neonate, if the PMX-HP circuit was added, which consisted of packed RBCs and normal saline of approximately 250 ml, a huge plasma dilution effect was expected. Before and during the procedure, FFP, platelet concentrates, and packed RBCs targeted to hemoglobin 12 mg/dl were therefore replaced.
Above all, we believe that the application of PMX-HP was technically feasible because the neonate was on ECMO. The blood flow and volume in the body's circulation could be easily controlled, including a large amount of blood transfusion, and bear the blood flow rate of PMX-HP. Also, the patient's condition could be stabilized at a steady blood temperature. Since the volume of ECMO and CRRT circuits exceeds the ne- onate's native blood volume, the plasma dilution effect due to the PMX-HP circuit was also deemed to be mitigated. In our case, because the bacteria was not eradicated by antibiotics, her death was inevitable. Owing to the use of PMX-HP, she demonstrated short-lasting clinical improvement and was able to be weaned from ECMO support; however, it did not rescue the patient. Considering the nature of the PMX-HP mechanism for the removal of endotoxins, careful patient selection should be required before performing PMX-HP. In addition, some studies have reported that early initiation of PMX-HP after diagnosing septic shock is associated with better clinical outcomes despite conflicting results on mortality [13, 14] . Since the initiation of PMX-HP was delayed in our patient, the timing of its use seems to be related to the patient outcome.
We fully agree that such a high-cost therapy must have a clear prognostic effect before generalization [15] . In several studies, PMX-HP applied to patients with septic shock has shown beneficial effects on hemodynamics, pulmonary oxygenation, and mortality [1] [2] [3] . Yet, the PMX-HP in septic shock is still under debate regarding the benefits of its use. Recently, it has been noted that there is no benefit to mortality as shown in well-organized studies [15] [16] [17] . Further researches are needed to clarify the effects of PMX-HP on patient outcome.
In summary, we successfully performed hemoperfusion therapy using an adult polymyxin B-immobilized fiber column in a neonate with CRAB septic shock. Although it did not rescue the patient, there was significant short-term improvement in pulmonary oxygenation and hemodynamics, leading to wean the patient from ECMO. PMX-HP could be used as an adjunctive treatment for selected neonatal and pediatric patients with gram negative bacterial septic shock.
